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Abstract
In this work, we study Λb → Λc and Σb → Σc weak decays in the light-front quark model. As
is well known, the key point for such calculations is properly evaluating the hadronic transition
matrix elements which are dominated by the non-perturbative QCD effect. In our calculation, we
employ the light-front quark model and rather than the traditional diquark picture, we account
the two spectator light quarks as individual ones. Namely during the transition, they retain their
color indices, momenta and spin polarizations unchanged. Definitely, the subsystem composed of
the two light quarks is still in a color-anti-triplet and possesses a definite spin, but we do not priori
assume the two light quarks to be in a bound system–diquark. Our purpose is probing the diquark
picture, via comparing the results with the available data, we test the validity and applicability of
the diquark structure which turns a three-body problem into a two-body one, so greatly simplifies
the calculation. It is indicated that the two approaches (diquark and a subsystem within which the
two light quarks are free) lead to similar numerical results even though the model parameters in
the two schemes might deviate slightly. Thus, the diquark approach seems sufficiently reasonable.
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I. INTRODUCTION
The study on baryon physics is much behind that on mesons so far, because the structure
of baryon is remarkably more complicated even though only one more quark gets involved.
The case of Λb, Λc, Σb and Σc which contain one heavy quark is simpler than that with
all light quarks, so that corresponding research attracts attention of both experimentalists
and theorists of high energy physics. Thanks to the successful operation of LHC, plenty of
data on baryons, especially those on heavy baryons have been collected. Thus researchers
have a great opportunity to study heavy baryons via their production and decays to gain
information of their structure and how the fundamental dynamics works for the baryon case.
Λb is the ground state of b baryons so it can only decay via weak interactions. Indeed besides
study on the baryon structure, its weak decays may be valuable for determining the CKM
parameter Vcb as a compensation to the measurements on mesons and furthermore one can
investigate the non-perturbative QCD effects in the heavy baryon system because of the
existence of the heavy quark. Σb is heavier than Λb which would dominantly decay via the
portal Λb + π, therefore a sizable branching ratio of its weak decays may imply a possible
involvement of new physics, so can serve as an ideal laboratory for searching new physics
beyond the standard model.
The weak decays of heavy baryons including Λb and Σb have been studied. For example:
Korner and Kroll[1] explored the weak decays of baryons under the heavy quark limit[2]
where the quark-diquark picture was employed; in Ref.[3] Ebert et al. used their relativistic
quark model to calculate the decay rates of several weak decay modes where baryons consist
of a heavy quark and a light diquark; Singleton examined the semileptonic decays of spin-1
2
baryons in the spectator-quark model[4]; in Ref.[5] Ivanov et al. employed their relativistic
three-quark model to study the weak decays of several baryons under the heavy quark limit;
lately, Ivanov et al.[6] also studied heavy baryon decays in the Bethe-Salpeter approach
under the heavy quark limit. By those works the properties of the weak decays of Λb and Σb
have been investigated and the non-perturbative QCD effects for baryons (at least for heavy
baryons) are partly understood or at least can be approximately handled.
We extended the light-front quark model to study the weak decays of Λb and Σb in the
heavy-quark-light-diquark picture of baryon[7–9]. The light-front quark model (LFQM) is a
relativistic quark model which has been applied to study transitions among mesons and the
results agree with the data within reasonable error tolerance [10–18]. Our results presented
in [7–9] are consistent with those given in literatures. The application of the extension of the
light-front quark model to baryon has achieved a preliminary success[20–22]. Even though
the baryon quark-diquark picture works well for dealing with the transition among heavy
baryons, its reasonability and applicability are still not fully convincing yet.
There exists an acute dispute about the diquark structure of baryons yet. As is well
known, the fundamental structure of baryons is determined by the Faddeev equations. How-
ever, that is an equation group for the three-body system whose solutions are difficult to
gain. The diquark picture has been raised for a long while, even at the birth time of quark
model[23]. In that picture two quarks are loosely bound into a subsystem which can be a
2
vector, axial vector, scalar or pseudoscalar in color-anti-triplet. This approach definitely is
an approximation which turns the three-body problem into a two-body problem, so greatly
simplifies the calculation. In the earlier works as listed above where the diquark picture
was employed, the diquark was treated as a point-like boson with a definite mass, spin and
isospin. When it is involved in the concerned reaction[24], a form factor composed of a few
free parameters which are fixed phenomenologically, is introduced. The picture is somehow
in analog to the case of elastic electron-proton scattering where the inner structure of proton
is manifested in the electric and magnetic form factors.
The assertion needs to be verified in some ways. To test the validity and applicability
of the diquark approach, in this work, we treat the three quarks (one heavy and two light)
as individual ones and possess their own color indices, spin polarizations(or helicities) and
momenta, namely they share the total momentum of the baryon. During the transition, the
two light quarks are spectators, i.e. maintain their all quantum numbers (spin, color) and
momenta unchanged. In one word, we make a three-body calculation rather than a two-body
one. Comparing the upcoming results with that obtained in terms of diquark, one can make
a judgement whether the diquark picture indeed works well in the concerned processes where
the light-quark subsystem is a spectator. Our results show that when the light quarks can
be treated as spectators during the hadronic transitions, the point-like diquark picture is a
good approximation, at least at the leading order.
In order to calculate the hadronic transition matrix element one needs to know the effective
vertex functions. We construct them at first. Since the isospins of Λb and Λc are 0, the light
ud subsystem must be an isospin-0 and color 3¯ state. To guarantee the total spin of Λb(c)
to be 1/2 and the spin of the ud system should be zero, i.e. the wavefunction of the ud
subsystem is totally antisymmetric for spin×color×isospin. Instead, the isospin of Σb or Σc
is 1, according to the same principle the spin of the light subsystem (ud) is determined to
be 1. Thus the spin polarizations of the two quarks are not free, but correlated.
With the spin arrangements [25] we obtain the vertex function of Λb, Λc, Σb and Σc
(denoting as BQ(′)). Then following the common approach[7–9] we write down the transi-
tion matrix element and extract the form factors f1, f2, g1 and g2 which are defined for
the transition(see the text for details). We compute these form factors f1, f2, g1 and g2
numerically.
Since the leptons do not participate in the strong interaction, the semileptonic decay is
less contaminated by the non-perturbative QCD effect, therefore study on semileptonic decay
might more help to test the employed model and/or constrain the model parameters. With
the form factors we calculate the widths of the concerned semileptonic decays. Comparing
the numerical result with the data the model parameters in the wave function are fixed.
Moreover, moving one more step, using those parameters we write out the amplitude of the
non-leptonic decay Σb → Σc +M . In the case, we suppose that one can factorize out the
meson current. Definitely, the factorization does not rigorously holds, but can be a good
approximation at the leading order which was thoroughly investigated for the meson decays.
This paper is organized as follows: after the introduction, in section II we construct the
vertex functions of heavy baryons, then write down the transition amplitude for Λb → Λc
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and Σb → Σc in the light-front quark model and deduce the form factors, then we present
our numerical results forΛb → Λc and Σb → Σc along with all necessary input parameters in
section III. Section IV is devoted to our conclusion and discussions.
II. Λb → Λc AND Σb → Σc IN THE LIGHT-FRONT QUARK MODEL
A. the vertex functions of Λb, Λc, Σb and Σc
In our previous work [7–9], we employed the quark-diquark picture to study the transi-
tions. Instead, in this work we will estimate the transition rate by treating the three quarks
as individual ones. It is noted, the transition occurs between heavy b and c quarks. Even
though the other two light quarks are not bound together, the subsystem where they reside
in, is still of definite spin, color and isospin and as the two quarks are spectators, all the
quantum numbers of the subsystem keep unchanged. In analog to the references[26, 27] the
vertex functions of a baryon BQ (Q = b, c) with total spin S = 1/2 and momentum P is
|BQ(P, S, Sz)〉 =
∫
{d3p˜1}{d3p˜2}{d3p˜3} 2(2π)3δ3(P˜ − p˜1 − p˜2 − p˜3)
× ∑
λ1,λ2,λ3
ΨSSz(p˜1, p˜2, p˜3, λ1, λ2, λ3)C
αβγFQdu | Qα(p1, λ1)uβ(p2, λ2)dγ(p3, λ3)〉. (1)
where Cαβγ and FQdu are the color and flavor factors, λi (i = 1, 2, 3) and pi (i = 1, 2, 3) are
helicities and light-front momenta of the on-mass-shell quarks defined as
p˜i = (p
+
i , pi⊥), pi⊥ = (p
1
i , p
2
i ), p
−
i =
m2 + p2i⊥
p+i
, {d3pi} ≡ dp
+
i d
2pi⊥
2(2π)3
. (2)
In order to describe the motions of the constituents, one needs to introduce intrinsic
variables (xi, ki⊥) ( i = 1, 2) through
p+i = xiP
+, pi⊥ = xiP⊥ + ki⊥ x1 + x2 + x3 = 1, k1⊥ + k2⊥ + k3⊥ = 0, (3)
where xi are the light-front momentum fractions constrained by 0 < x1, x2, x3 < 1. The
variables (xi, ki⊥) are independent of the total momentum of the hadron and thus are Lorentz-
invariant. The invariant mass square M20 is defined as
M20 =
k21⊥ +m
2
1
x1
+
k22⊥ +m
2
2
x2
+
k23⊥ +m
2
3
x3
. (4)
The invariant mass M0 is in general different from the hadron mass M which obeys the
physical mass-shell conditionM2 = P 2. This is due to the fact that the baryon, heavy quark
and the two-light-quark subsystem cannot be on their mass shells simultaneously. We define
the internal momenta as
ki = (k
−
i , k
+
i , ki⊥) = (ei − kiz, ei + kiz, ki⊥) = (
m2i + k
2
i⊥
xiM0
, xiM0, ki⊥). (5)
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It is easy to obtain
ei =
xiM0
2
+
m2i + k
2
i⊥
2xiM0
,
kiz =
xiM0
2
− m
2
i + k
2
i⊥
2xiM0
, (6)
where ei denotes the energy of the i-th constituent. The momenta ki⊥ and kiz constitute a
momentum vector ~ki = (ki⊥, kiz) and correspond to the components in the transverse and z
directions, respectively.
Being enlightened by [25] the spin and spatial wave function for ΛQ is written as
ΨSSz0 (p˜i, λi) = A0U¯(p3, λ3)[(P¯/+M0)γ5]V (p2, λ2)U¯Q(p1, λ1)U(P¯ , S)ϕ(xi, ki⊥), (7)
and for ΣQ
ΨSSz1 (p˜i, λi) = A1U¯(p3, λ3)[(P¯/+M0)γ⊥α]V (p2, λ2)U¯Q(p1, λ1)γ⊥αγ5U(P¯ , S)ϕ(xi, ki⊥), (8)
where ΨSSz0 (p˜i, λi) represents Ψ
SSz(p˜1, p˜2, p˜3, λ1, λ2, λ3), U, V and U¯ are spinors of the quarks,
ϕ(xi, ki⊥) denotes ϕ(x1, x2, x3, k1⊥, k2⊥, k3⊥), p1 is the the momentum of the heavy quark Q,
p2 , p3 are the momenta of the two light quarks, P¯ = p1 + p2 + p3, γ⊥α = γα − v/vα,and
λ1, λ2, λ3 are the helicities of the constituents.
With the normalization of the state |BQ〉
〈BQ(P ′, S ′, S ′z)|BQ(P, S, Sz)〉 = 2(2π)3P+δ3(P˜ ′ − P˜ )δS′SδS′zSz , (9)
and
∫
(
3∏
i=1
dxid
2ki⊥
2(2π)3
)2(2π)3δ(1−∑ xi)δ2(∑ ki⊥)ϕ∗(xi, ki⊥)ϕ(xi, ki⊥) = 1, (10)
one can obtain
A0 =
1
4
√
P+M30 (m1 + e1)(m2 + e2)(m3 + e3)
,
A1 =
1
4
√
3P+M30 (m1 + e1)(m2 + e2)(m3 + e3)
, (11)
where pi · P¯ = eiM0 (i = 1, 2, 3) is used.
The spatial wave function is[26, 27]
ϕ(x1, x2, x3, k1⊥, k2⊥, k3⊥) =
e1e2e3
x1x2x3M0
ϕ(
−→
k 1, β1)ϕ(
−→
k 2 −−→k 3
2
, β23) (12)
with ϕ(
−→
k , β) = 4( pi
β2
)3/4exp(
−k2z−k2⊥
2β2
).
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FIG. 1: The Feynman diagram for Λb → Λc and Σb → Σc transitions, where • denotes V − A
current vertex.
B. the form factors of Λb → Λc in LFQM
The form factors for the weak transition Λb → Λc are defined in the standard way as
〈Λc(P ′, S ′, S ′z) | c¯γµ(1− γ5)b | Λb(P, S, Sz)〉
= U¯Λc(P
′, S ′z)
[
γµf
s
1 (q
2) + iσµν
qν
MΛb
f s2 (q
2) +
qµ
MΛb
f s3 (q
2)
]
UΛb(P, Sz)
−U¯Λc(P ′, S ′z)
[
γµg
s
1(q
2) + iσµν
qν
MΛb
gs2(q
2) +
qµ
MΛb
gs3(q
2)
]
γ5UΛb(P, Sz). (13)
Since S = S ′ = 1/2, we write | Λb(P, S, Sz)〉 and | Λc(P ′, S ′, S ′z)〉 as | Λb(P, Sz)〉 and |
Λc(P
′, S ′z)〉 respectively.
The lowest order Feynman diagram responsible for the Λb → Λc weak decay is shown in
Fig. 1. Following the approach given in Refs. [7, 9, 26, 27] the transition matrix element
can be calculated with the vertex functions of | Λb(P, Sz)〉 and | Λ(cP ′, , S ′z)〉 supposing u and
d quarks are spectators,
〈Λc(P ′, S ′z) | c¯γµ(1− γ5)b | Λb(P, Sz)〉
=
∫ {d3p˜2}{d3p˜3}φ∗Λc(x′, k′⊥)φΛb(x, k⊥)Tr[(P¯ ′/′ −M ′0)γ5(p2/+m2)(P¯/′ +M0)γ5(p3/−m3)]
16
√
p+1 p
′+
1 P
+P ′+M30 (m1 + e1)(m2 + e2)(m3 + e3)(m
′
1 + e
′
1)(m
′
2 + e
′
2)(m
′
3 + e
′
3)
×U¯(P¯ ′, S ′z)(p1/′ +m′1)γµ(1− γ5)(p1/+m1)U(P¯ , Sz), (14)
where
m1 = mb, m
′
1 = mc, m2 = mu, m3 = md (15)
and Q (Q′) represents the heavy quark b (c), p1 (p′1) denotes the four-momentum of the
heavy quark b (c), P (P ′) stands as the four-momentum of Λb (Λc). Setting p˜2 = p˜′2, we have
x′ =
P+
P ′+
x, k′⊥ = k⊥ + x2q⊥. (16)
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In terms of the approach given in Ref.[26] we extract the form factors defined in Eq. (13)
from the Eq. (14)
f s1 =
∫
dx2d
2k2⊥
2(2π)3
dx3d
2k3⊥
2(2π)3
Tr[(P¯ ′/−M ′0)γ5(p2/+m2)(P¯/+M0)γ5(p3/−m3)]√
M30 (m1 + e1)(m2 + e2)(m3 + e3)(m
′
1 + e
′
1)(m
′
2 + e
′
2)(m
′
3 + e
′
3)
×φ
∗
Λc(x
′, k′⊥)φΛb(x, k⊥)
16
√
x1x′1
Tr[(P¯/+M0)γ
+(P¯ ′/+M ′0)(p1/
′ +m′1)γ
+(p1/+m1)]
8P+P ′+
,
f s2
MΛb
=
−i
qi⊥
∫
dx2d
2k2⊥
2(2π)3
dx3d
2k3⊥
2(2π)3
Tr[(P¯ ′/−M ′0)γ5(p2/ +m2)(P¯/+M0)γ5(p3/ −m3)]√
M30 (m1 + e1)(m2 + e2)(m3 + e3)(m
′
1 + e
′
1)(m
′
2 + e
′
2)(m
′
3 + e
′
3)
×φ
∗
Λc(x
′, k′⊥)φΛb(x, k⊥)
16
√
x1x′1
Tr[(P¯/+M0)σ
i+(P¯ ′/+M ′0)(p1/
′ +m′1)γ
+(p1/+m1)]
8P+P ′+
,
gs1 =
∫ dx2d2k2⊥
2(2π)3
dx3d
2k3⊥
2(2π)3
Tr[(P¯ ′/−M ′0)γ5(p2/+m2)(P¯/+M0)γ5(p3/−m3)]√
M30 (m1 + e1)(m2 + e2)(m3 + e3)(m
′
1 + e
′
1)(m
′
2 + e
′
2)(m
′
3 + e
′
3)
×φ
∗
Λc(x
′, k′⊥)φΛb(x, k⊥)
16
√
x1x′1
Tr[(P¯/+M0)γ
+γ5(P¯ ′/+M ′0)(p1/
′ +m′1)γ
+γ5(p1/+m1)]
8P+P ′+
,
gs2
MΛb
=
i
qi⊥
∫ dx2d2k2⊥
2(2π)3
dx3d
2k3⊥
2(2π)3
Tr[(P¯ ′/−M ′0)γ5(p2/+m2)(P¯/+M0)γ5(p3/−m3)]√
M30 (m1 + e1)(m2 + e2)(m3 + e3)(m
′
1 + e
′
1)(m
′
2 + e
′
2)(m
′
3 + e
′
3)
×φ
∗
Λc(x
′, k′⊥)φΛb(x, k⊥)
16
√
x1x
′
1
Tr[(P¯/+M0)σ
i+γ5(P¯ ′/+M ′0)(p1/
′ +m′1)γ
+γ5(p1/+m1)]
8P+P ′+
. (17)
Expanding the traces in above formulas is straightforward, but the expressions are rather
tedious, thus we collect he explicit expressions in Appendix A. It is noted that the form
factors f3(q
2) and g3(q
2) cannot be extracted in terms of the above method for we have
imposed the condition q+ = 0. However, they do not contribute to the semi-leptonic decays
Λb → Λclν¯l if the masses of electron and neutrino are ignored.
C. The form factors of Σb → Σc in LFQM
Similarly, the hadronic matrix element for transition Σb → Σc can also be obtained with
the vertex functions of | Σb(P, Sz)〉 and | Σ(cP ′, , S ′z)〉,
〈Σc(P ′, S ′z) | c¯γµ(1− γ5)b | Σb(P, Sz)〉
=
∫
{d3p˜2}{d3p˜3} φ
∗
Σc(x
′, k′⊥)φΣb(x, k⊥)Tr[γ
α
⊥(P¯ ′/
′ +M ′0)γ5(p2/+m2)(P¯/
′ +M0)γ5γ
β
⊥(p3/−m3)]
48
√
p+1 p
′+
1 P¯
+P¯ ′
+
M30 (m1 + e1)(m2 + e2)(m3 + e3)(m
′
1 + e
′
1)(m
′
2 + e
′
2)(m
′
3 + e
′
3)
×U¯ (P¯ ′, S ′z)γ⊥αγ5(p1/′ +m′1)γµ(1− γ5)(p1/+m1)γ⊥βγ5U(P¯ , Sz). (18)
For the transition some form factors can also be defined as in Eq.(13), while f vi and g
v
i
replace f si and g
s
i (i = 1, 2, 3) in Eq.(13).
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TABLE I: Quark mass and the parameter β (in units of GeV).
mb mc ms mu
4.64 1.3 0.37 0.26
The expressions of the form factors are
f v1 =
∫ dx2d2k2⊥
2(2π)3
dx3d
2k3⊥
2(2π)3
Tr[γα⊥(P¯ ′/
′ +M ′0)γ5(p2/+m2)(P¯/
′ +M0)γ5γ
β
⊥(p3/−m3)]]√
M30 (m1 + e1)(m2 + e2)(m3 + e3)(m
′
1 + e
′
1)(m
′
2 + e
′
2)(m
′
3 + e
′
3)
×φ
∗
Σc(x
′, k′⊥)φΣb(x, k⊥)
48
√
x1x′1
Tr[(P¯/+M0)γ
+(P¯ ′/+M ′0)γ⊥αγ5(p1/
′ +m′1)γ
+(p1/+m1)γ⊥βγ5]
8P+P ′+
,
f v2
MΣb
=
−i
qi⊥
∫
dx2d
2k2⊥
2(2π)3
dx3d
2k3⊥
2(2π)3
Tr[γα⊥(P¯ ′/
′ +M ′0)γ5(p2/+m2)(P¯/
′ +M0)γ5γ
β
⊥(p3/ −m3)]√
M30 (m1 + e1)(m2 + e2)(m3 + e3)(m
′
1 + e
′
1)(m
′
2 + e
′
2)(m
′
3 + e
′
3)
×φ
∗
Σc(x
′, k′⊥)φΣb(x, k⊥)
48
√
x1x′1
Tr[(P¯/−M0)σi+(P¯ ′/−M ′0)γ⊥αγ5(p1/′ +m′1)γ+(p1/+m1)γ⊥βγ5]
8P+P ′+
,
gv1 =
∫
dx2d
2k2⊥
2(2π)3
dx3d
2k3⊥
2(2π)3
Tr[γα⊥(P¯ ′/
′ +M ′0)γ5(p2/+m2)(P¯/
′ +M0)γ5γ
β
⊥(p3/−m3)]√
M30 (m1 + e1)(m2 + e2)(m3 + e3)(m
′
1 + e
′
1)(m
′
2 + e
′
2)(m
′
3 + e
′
3)
×φ
∗
Σc(x
′, k′⊥)φΣb(x, k⊥)
48
√
x1x′1
Tr[(P¯/−M0)γ+γ5(P¯ ′/−M ′0)γ⊥αγ5(p1/′ +m′1)γ+(p1/+m1)γ⊥βγ5]
8P+P ′+
,
gv2
MΣb
=
i
qi⊥
∫
dx2d
2k2⊥
2(2π)3
dx3d
2k3⊥
2(2π)3
Tr[γα⊥(P¯ ′/
′ +M ′0)γ5(p2/+m2)(P¯/
′ +M0)γ5γ
β
⊥(p3/−m3)]√
M30 (m1 + e1)(m2 + e2)(m3 + e3)(m
′
1 + e
′
1)(m
′
2 + e
′
2)(m
′
3 + e
′
3)
×φ
∗
Σc(x
′, k′⊥)φΣb(x, k⊥)
48
√
x1x′1
Tr[(P¯/−M0)σi+γ5(P¯ ′/−M ′0)γ⊥αγ5(p1/′ +m′1)γ+(p1/+m1)γ⊥βγ5]
8P+P ′+
.(19)
The interested readers can refer to appendix A to simplify the form factors before numer-
ically evaluating.
III. NUMERICAL RESULTS
A. The Λb → Λc form factors and some decay modes
In order to evaluate these form factors numerically one needs the parameters of the
concerned model. Here we employ the masses of quarks presented in Ref.[13] and list them
in table I. Indeed, we know very little about the parameters β1 and β23 in the wave function
of the initial baryon and β ′1 and β
′
23 in that of the final baryon. Generally the reciprocal of β
is related to the electrical radium of the baryon. Since the strong interaction between q and
q′ is half of that between qq¯′ if it is a Coulomb-like potential one can expect the the electrical
radium of qq′ to be 1/
√
2 times that of qq¯′ i.e. βqq′ ≈
√
2βqq¯′. In Ref.[28] in terms of the
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TABLE II: The Λb → Λc form factors given in the three-parameter form.
F F (0) a b
f s1 0.488 1.04 0.38
f s2 -0.180 1.71 0.58
gs1 0.470 0.953 0.361
gs2 -0.0479 2.06 0.89
binding energy the authors also obtained the same results, so in our work we use these β’s
values which were obtained in the mesons case [19]. With these parameters we calculate the
form factors and make theoretical predictions on the transition rates. We set β1 ≈
√
2βbs¯,
β ′1 ≈
√
2βcs¯ and suppose β2 = β
′
2 ≈
√
2βud¯. It is found that the predicted width of the
semilepton decay is larger than the data. Then we readjust the parameter β2 to reduce the
theoretical prediction to be closer to the data and thus we could fix the parameter. At last
we obtain β1 = 0.851 GeV, β
′
1 = 0.760 GeV and β2 = β
′
2 = 0.911 GeV. Here β2 and β
′
2 are
close to 2.9βud¯ , which means the distance between u and d quarks is smaller than the normal
situation where u and d are evenly distributed in the inner space of the baryon. Indeed, it
implies the diquark structure.
It is noted, we derive the form factors in terms of the LFQM in the space-like region, thus
applying them to evaluate the transition rates, one needs to extend them to the physical
region (time-like). Following the standard scheme, we derive the form factors for the baryonic
transitions. The procedure for the derivation was depicted in literature and our previous
work in all details, so that we do not keep it in the context, but for readers’ convenience,
relevant stuff is retained in the attached appendix. Then, we explicitly list the corresponding
parameters which are needed for numerical computations in table II.
Using the form factors, we evaluate the rates of Λb → Λclν¯l. The decay rates are listed in
table III where we update the results which were obtained in our earlier paper[7] with the
parameters fixed in [19] as inputs. Comparing them with that obtained by other authors in
Ref.[3, 5–7], one can notice that the differences among all the results are rather small. We
plot the differential decay rates dΓ/dω in Fig. 3(a) which also is consistent with those given
in [3].
From the theoretical aspects, calculating the corresponding quantities for the non-leptonic
decays seems to be much more complicated than for the semi-leptonic ones. The theoret-
ical framework adopted in this work is based on the factorization assumption, namely the
hadronic transition matrix element is factorized into a product of two independent matrix
elements of currents,
〈Λc(P ′, S ′z)M | H | Λb(P, Sz)〉
=
GFVbcV
∗
qq′√
2
〈M | q¯′γµ(1− γ5)q | 0〉〈Λc(P ′, S ′z) | c¯γµ(1− γ5)b | Λb(P, Sz)〉, (20)
where the term 〈M | q¯′γµ(1−γ5)q | 0〉 is determined by the decay constant and the transition
Λb → Λc is calculated in the previous sections. Since the decays Λ0b → Λc +M− is the so-
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FIG. 2: Form factor for the decay Λb → Λclν¯l (a) and Σb → Σclν¯l (b)
TABLE III: The widths and polarization asymmetries of Λb → Λclν¯l .
Γ (1010s−1) aL aT R PL
this work 4.22 -0.962 -0.766 1.54 -0.885
Our result in [7] 5.15 -0.932 -0.601 1.47 -0.798
the update of the results in [7]a 4.69 -0.952 -0.654 1.66 -0.841
relativistic quark model(in [3]) 5.64 -0.940 -0.600 1.61 -0.810
relativistic three-quark model[5] 5.39 - - 1.60 -
the Bethe-Salpeter approach[6] 6.09 - - - -
a We re-set the parameters βb[ud] = 0.601 GeV and βc[ud] = 0.5375 GeV while the other parameters are un-
changed. A phenomenological factor[1]
Q2
0
Q2
0
+Q2
= 3.223.22+0.25 = 0.928 is included in every wave functions to com-
pensate the non-point effect for the diquark. The three parameters F (0), a, b for f1 are, 0.580, 0.207, 0.101 ,
for g1 are 0.567, 0.161, 0.122 , for f2 are -0.129, 0.716, 0.177 and for g2 are -0.0187,0.186, 0.197.
called color-favored transition, the factorization should be a good approximation. The study
on these non-leptonic decays can check how close to reality the obtained form factors for
the heavy bottomed baryons would be. In table IV we present the results of this work and
previous papers together. One can notice that they are very close to each other, and it means
that the heavy-quark-light-diquark picture is indeed a good approximation.
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FIG. 3: Differential decay rates dΓ/dω for the decay Λb → Λc (a) and Σb → Σc (b)
B. Σb → Σc form factors and some decay modes
Now we calculate the form factors for the transition Σb → Σc. Using the values set for Λb
and Λc, we determine the parameters β1 and β
′
1. Generally the parameters β23 and β
′
23 would
be different from those for Λb and Λc because the total spin of the ud subsystem in Σb(c) is
1 but that is 0 in Λb(c). The situation is similar to the spin configurations of a pseudoscalar
vs a vector. Even though there are no data available, we boldly use the same parameters
gained from Λb → Λc to make our predictions and the validity or approximation would be
tested in the future measurements.
The parameters of the form factor are listed in table V. As discussed in the footnote of
Table V there should be an additional factor mΣb/(mΣb +mΣc) for the F0 of f2 and g2 [9].
Taking into account of this factor the results are close to those given in [9]. The differential
decay rates dΓ/dω are depicted in Fig. 3(b) whose line-shape is fully consistent with those
for Ωb → Ωc in Fig. 8 of Ref. [3]. It is understandable because the decay Ωb → Ωc and
Σb → Σc are similar under the flavor SU(3) symmetry. Since Ωb does not decay via strong
interaction, the weak decays are dominant. The results of semi-leptonic decay of Σb → Σc
can be found in table VI. The total width Γ and the longitudinal asymmetry aL are close
to our previous result but not the transverse asymmetry aT . The longitudinal polarization
asymmetry PL deviate from our previous result by a certain extent.
The interpretation of the difference is not trivial. When one constructs the vertex function,
the first principle is to retain the momentum conservation, then there are two schemes to
be selected, i.e. whether let the diquark polarization depend on the total momentum of the
baryon P or the momentum of the diquark p2. In our earlier paper [29], we discussed the
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TABLE IV: The widths and up-down asymmetries of non-leptonic decays Λb → ΛcM .
Our result in this work Our result in [7]a
Γ (1010s−1) α Γ (1010s−1) α
Λ0b → Λ+c pi− 0.261 −0.999 0.307 −1
Λ0b → Λ+c ρ− 0.769 −0.875 0.848 −0.883
Λ0b → Λ+c K− 0.0209 −0.999 0.0247 −1
Λ0b → Λ+c K∗− 0.0398 −0.836 0.0440 −0.846
Λ0b → Λ+c a−1 0.758 −0.710 0.838 −0.726
Λ0b → Λ+c D−s 0.927 −0.974 0.932 −0.982
Λ0b → Λ+c D∗−s 1.403 −0.327 1.566 −0.360
Λ0b → Λ+c D− 0.0355 −0.979 0.0410 −0.986
Λ0b → Λ+c D∗− 0.0630 −0.371 0.0702 −0.403
a Since there exist a mistake in the expressions of P1 and D (Eq (60)) in [7] and we correct them in Eq.
(C5) in this appendix. In addition a factor 2 was missing in the formula for the transition 12 → 12 + V given
in[33] and we have discussed this issue with the authors of Ref.[33], and then they have carefully checked
this formula and agreed with us. Therefore the Γ and α of Λ0b → Λ+c V in [7] are changed slightly here
TABLE V: The Σb → Σc form factors given in the three-parameter form.
F F (0) a b
f v1 0.494 1.73 1.40
f v2 0.407
a 1.03 0.830
gv1 -0.156 1.03 0.355
gv2 -0.0529
a 1.58 2.74
TABLE VI: The widths (in unit 1010s−1) and polarization asymmetries of Σb → Σclν¯l.
Γ aL aT R PL
in this work 1.56 0.726 −0.267 4.70 0.552
in [9]a 1.42 0.676 −0.765 4.17 0.397
spectator-quark model [4] 4.3 - - 10.7 -
relativistic quark model[3] 1.44 - - 5.89 -
the Bethe-Salpeter approach[6] 1.65 - - - -
relativistic three-quark model[5] 2.23 - - 5.76 -
aThe F (0) of f2 and g2 should have an additional factor
mΣ
b
mΣ
b
mΣc
in table II in [9] so the results have some
apparent change list here .
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TABLE VII: The widths (in unit 1010s−1) and up-down asymmetries of non-leptonic decays Σb →
ΣcM .
this work in [9]a
Γ α Γ α
Σ0b → Σ+c pi− 0.161 0.574 0.140 0.514
Σ0b → Σ+c ρ− 0.443 0.586 0.392 0.537
Σ0b → Σ+c K− 0.0131 0.568 0.0115 0.510
Σ0b → Σ+c K∗− 0.0224 0.589 0.0200 0.544
Σ0b → Σ+c a−1 0.395 0.603 0.358 0.571
Σ0b → Σ+c D−s 0.743 0.460 0.727 0.396
Σ0b → Σ+c D∗−s 0.547 0.662 0.510 0.691
Σ0b → Σ+c D− 0.0277 0.472 0.0266 0.408
Σ0b → Σ+c D∗− 0.0256 0.653 0.0238 0.672
a Since the reasons present in the footnotes in table IV and VI the results change explicitly
two schemes for constructing the vertex function of Σb(c). Comparing the numerical results
of the transition rates of Σb → Σ∗c , we found that the values calculated with the two schemes
only slightly deviated from each other. Then the conclusion might be that the two schemes
are actually equivalent. In our study on the transition [9], we only adopted the scheme where
the diquark polarization only depends on momentum p2, but not P . One conjecture is that
the momentum dependence may lead to the small deviations of the transverse asymmetry aT
as is shown in this work. The difference, even though is not large, may imply a distinction
of the momentum dependence, which needs to be further investigated and we will do it in
our following works.
IV. CONCLUSIONS AND DISCUSSIONS
In terms of the extended light front quark model we explore the leptonic and non-leptonic
weak decays of Λb → Λc and Σb → Σc with the three-quark picture of baryon.
Based on our earlier works for studying hyperon and meson decays in terms of the LFQM,
this work has two purposes. The first one is to make a further confirmation of two possible
ways of determining the momentum dependence of the diqaurk polarization during con-
structing the vertex functions of baryons. In our earlier work[9] , we suggested a possible
momentum dependence of the diqaurk polarization. Namely, we conjectured that the po-
larization of the diquark should depend on its momentum p2. Later [29], we employed
another possible scheme where the diquark polarization depends on the total momentum of
the baryon P . All the two schemes respect the principle of momentum conservation. The
numerical results on the transition rates of Σb → Σ∗c obtained in the two schemes are very
close to each other. In this work, we use neither of the two schemes to evaluate the transi-
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tion rates of Σb → Σc in LFQM, because we treat the two light quarks as free individuals
rather than demanding them to reside in a “diquark”. Then we compare the results with
that obtained in terms of the diquark pictures. We notice that the rates obtained in the
two approaches are very close, but for longitudinal and transverse asymmetrie aT for the
semi-leptonic decay of Σb → Σc which are more sensitive to the approaches, an obvious
deviation appears, i.e the values of aT are different for the two cases. Therefore, there may
exist a more profound physics which leads to the difference. In our coming work we will
further study those schemes, namely investigate their validity. Beside a theoretical analysis,
the experimental data would compose an acceptable probe-stone. Therefore, we suggest
the experimentalists to carry out high accuracy measurements on aL and aT of Σb → Σc
transitions which would a great help.
The second purpose of this work is to test the reasonability and application of the diqaurk
picture which is definitely a good approximation at least at the leading order according to
the acute discussions on this topic. Therefore, in this work, we use the three-body picture
of baryons, i.e. treat the two spectator light quarks as individual on-mass-shell constituents
with definite masses and momenta. Indeed, the two light quarks compose a color-anti-triplet
and spin-0 (for Λb(c) or spin-1 (for Σb(c)) subsystem. In this picture, we do not priori assume
they are loosely bound into a physical composite: diquark. Comparing the numerical results
of the decay rates of of Λb → Λc and Σb → Σc with that obtained in terms of the diquark
which is supposed to be a point-like boson with a form factor, we find them to be very close.
The consistency implies that the diquark picture indeed is valid, namely, in a heavy baryon
(Λb(c), or Σb(c) etc.) two light quarks may be bound into a physical system and can behave
as a point-like boson, especially when it serves as a spectator during the transition between
two heavy baryons.
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Appendix A: The form factor:
In this appendix we work out the full expressions of these form factors f si (i = 1, 2) by
expanding the corresponding traces.
It is straightforward to calculate the four traces
1
8P+P ′+
Tr[(P¯/ +M0)γ
+(P¯ ′/+M ′0)(p1/
′ +m′1)γ
+(p1/+m1)]
= −(p1 − x1P¯ ) · (p′1 − x′1P¯ ′) + (x1M0 +m1)(x′1M ′0 +m′1)
= k1⊥ · k′1⊥ + (x1M0 +m1)(x′1M ′0 +m′1), (A1)
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18P+P ′+
Tr[(P¯/ +M0)γ
+γ5(P¯ ′/+M
′
0)(p1/
′ +m′1)γ
+γ5(p1/+m1)]
= (p1 − x1P¯ ) · (p′1 − x′1P¯ ′) + (x1M0 +m1)(x′1M ′0 +m′1)
= −k1⊥ · k′1⊥ + (x1M0 +m1)(x′1M ′0 +m′1), (A2)
1
8P+P ′+
Tr[(P¯/ +M0)σ
i+(P¯ ′/+M ′0)(p1/
′ +m′1)γ
+(p1/+m1)]
= (x′1M
′
0 +m
′
1)(p
i
⊥ − x1P¯ i⊥)− (x1M0 +m1)(p′i⊥ − x′1P¯ ′i⊥)
= (x′1M
′
0 +m
′
1)k
i
1⊥ − (x1M0 +m1)k
′i
1⊥, (A3)
1
8P+P ′+
Tr[(P¯/ +M0)σ
i+γ5(P¯ ′/+M
′
0)(p1/
′ +m′1)γ
+γ5(p1/+m1)]
= (x′1M
′
0 +m
′
1)(p
i
⊥ − x1P¯ i⊥)− (x1M0 +m1)(p′i⊥ − x′1P¯ ′i⊥)
= (x′1M
′
0 +m
′
1)k
i
1⊥ + (x1M0 +m1)k
′i
1⊥, (A4)
where P¯+ = P+, P¯
′+ = P
′+, P¯ i⊥ = P
i
⊥, P
′i
⊥ = P
′i
⊥ , p
+
1 = x1P
+, p
′+
1 = x1P
′+, pi1⊥ = x1P
i
⊥ +
ki1⊥, p
′i
1⊥ = x1P
′i
⊥+k
′i
1⊥, p1 ·P¯ = e1M0, p′1 ·P¯ ′ = e′1M ′0 and (p1−x1P¯ )·(p′1−x′1P¯ ′) = −k1⊥ ·k′1⊥
have been used. The four traces are the same as those in Ref.[13]
Then it is also simple to deduce the others
Tr[(P¯ ′/−M ′0)γ5(p2/ +m2)(P¯/ +M0)γ5(p3/ −m3)]
= {M ′0m3p2 · P¯ +M ′0m2p3 · P¯ + p2 · P¯ ′p3 · P¯ + p2 · P¯ p3 · P¯ ′ +m2m3P¯ · P¯ ′
+M0
[
M ′0 (m2m3 + p2 · p3) +m3p2 · P¯ ′ +m2p3 · P¯ ′
]
− p2 · p3P¯ · P¯ ′}
= 4[M0M
′
0(e
′
2e3 + e2e
′
3 + e3m2 + e
′
3m2 + e2m3 + e
′
2m3 +m2m3)
+
M0M
′
0
(
−2e1M0 +M02 +m12 −m22 −m32
)
2
+
m2m3
(
M0
2 +M ′0
2 + q⊥2
)
2
+
(
2e1M0 −M02 −m12 +m22 +m32
) (
M0
2 +M ′0
2 + q⊥2
)
4
], (A5)
where these relations P¯ · P¯ ′ = (M02 + M ′02 + q⊥2)/2, p2 · P¯ = p′2 · P¯ = e2M0, p3 · P¯ =
p′3 · P¯ = e3M0, p2 · P¯ ′ = p′2 · P¯ ′ = e′2M ′0, p3 · P¯ ′ = p′3 · P¯ ′ = e′3M ′0 and p2 · p3 =
(M0
2 +m1
2 −m22 −m32 − 2M0e1)/2 are needed.
With these explicit expressions of the these traces the detailed forms of f si (i = 1, 2) and
gsi (i = 1, 2) can be obtained,
f s1 =
∫ dx2d2k2⊥
2(2π)3
dx3d
2k3⊥
2(2π)3
k1⊥ · k′1⊥ + (x1M0 +m1)(x′1M ′0 +m′1)√
M30 (m1 + e1)(m2 + e2)(m3 + e3)(m
′
1 + e
′
1)(m
′
2 + e
′
2)(m
′
3 + e
′
3)
×φ
∗
Λc(x
′, k′⊥)φΛb(x, k⊥)
16
√
x1x′1
4[M0M
′
0(e
′
2e3 + e2e
′
3 + e3m2 + e
′
3m2 + e2m3 + e
′
2m3 +m2m3)
+
M0M
′
0
(
−2e1M0 +M02 +m12 −m22 −m32
)
2
+
m2m3
(
M0
2 +M ′0
2 + q⊥2
)
2
+
(
2e1M0 −M02 −m12 +m22 +m32
) (
M0
2 +M ′0
2 + q⊥2
)
4
],
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f s2
MΛb
=
1
qi⊥
∫ dx2d2k2⊥
2(2π)3
dx3d
2k3⊥
2(2π)3
(x1M0 +m1)k
′i
1⊥ − (x′1M ′0 +m′1)ki1⊥√
M30 (m1 + e1)(m2 + e2)(m3 + e3)(m
′
1 + e
′
1)(m
′
2 + e
′
2)(m
′
3 + e
′
3)
×φ
∗
Λc(x
′, k′⊥)φΛb(x, k⊥)
16
√
x1x
′
1
4[M0M
′
0(e
′
2e3 + e2e
′
3 + e3m2 + e
′
3m2 + e2m3 + e
′
2m3 +m2m3)
+
M0M
′
0
(
−2e1M0 +M02 +m12 −m22 −m32
)
2
+
m2m3
(
M0
2 +M ′0
2 + q⊥2
)
2
+
(
2e1M0 −M02 −m12 +m22 +m32
) (
M0
2 +M ′0
2 + q⊥2
)
4
],
gs1 =
∫
dx2d
2k2⊥
2(2π)3
dx3d
2k3⊥
2(2π)3
−k1⊥ · k′1⊥ + (x1M0 +m1)(x′1M ′0 +m′1)√
M30 (m1 + e1)(m2 + e2)(m3 + e3)(m
′
1 + e
′
1)(m
′
2 + e
′
2)(m
′
3 + e
′
3)
×φ
∗
Λc(x
′, k′⊥)φΛb(x, k⊥)
16
√
x1x
′
1
4[M0M
′
0(e
′
2e3 + e2e
′
3 + e3m2 + e
′
3m2 + e2m3 + e
′
2m3 +m2m3)
+
M0M
′
0
(
−2e1M0 +M02 +m12 −m22 −m32
)
2
+
m2m3
(
M0
2 +M ′0
2 + q⊥2
)
2
+
(
2e1M0 −M02 −m12 +m22 +m32
) (
M0
2 +M ′0
2 + q⊥2
)
4
],
gs2
MΛb
=
1
qi⊥
∫ dx2d2k2⊥
2(2π)3
dx3d
2k3⊥
2(2π)3
(x1M0 +m1)k
′i
1⊥ + (x
′
1M
′
0 +m
′
1)k
i
1⊥√
M30 (m1 + e1)(m2 + e2)(m3 + e3)(m
′
1 + e
′
1)(m
′
2 + e
′
2)(m
′
3 + e
′
3)
×φ
∗
Λc(x
′, k′⊥)φΛb(x, k⊥)
16
√
x1x′1
4[M0M
′
0(e
′
2e3 + e2e
′
3 + e3m2 + e
′
3m2 + e2m3 + e
′
2m3 +m2m3)
+
M0M
′
0
(
−2e1M0 +M02 +m12 −m22 −m32
)
2
+
m2m3
(
M0
2 +M ′0
2 + q⊥2
)
2
+
(
2e1M0 −M02 −m12 +m22 +m32
) (
M0
2 +M ′0
2 + q⊥2
)
4
]. (A6)
By the same way the traces in the form factors f vi (i = 1, 2) and g
v
i (i = 1, 2) also can be
directly calculated. Since they are very long, we omit them for saving space. Since these form
factors f
s(v)
i (i = 1, 2) and g
s(v)
i (i = 1, 2) are evaluated in the frame q
+ = 0 i.e. q2 = −q2⊥ ≤ 0
(the space-like region) one needs to extend them into the time-like region. One can employ
a three-parameter form[27]
F (q2) =
F (0)(
1− q2
M2
B
b
) [
1− a
(
q2
M2
B
b
)
+ b
(
q2
M2
B
b
)2] , (A7)
where F (q2) denotes the form factors f
s(v)
i and g
s(v)
i . Using the form factors in the space-like
region we may numerically calculate the parameters a, b and F (0) in the un-physical region,
namely fix F (q2 ≤ 0). As discussed in previous section, these forms are extended into the
physical region with q2 ≥ 0 through Eq.(A7).
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Appendix B: Semi-leptonic decays of Bb → Bclν¯l
The helicity amplitudes are related to the form factors for Bb → Bclν¯l through the follow-
ing expressions [30–32]
HV1
2
,0 =
√
Q−√
q2
(
(Mb +Mc) f1 − q
2
Mb
f2
)
,
HV1
2
,1 =
√
2Q−
(
−f1 + Mb +Mc
Mb
f2
)
,
HA1
2
,0 =
√
Q+√
q2
(
(Mb −Mc) g1 + q
2
Mb
g2
)
,
HA1
2
,1 =
√
2Q+
(
−g1 − Mb −Mc
Mb
g2
)
. (B1)
where Q± = 2(P · P ′±MbMc) and Mb (Mc) represents MBb or MBc . The amplitudes for the
negative helicities are obtained in terms of the relation
HV,A−λ′−λW = ±HV,Aλ′,λW , (B2)
where the upper (lower) sign corresponds to V(A). The helicity amplitudes are
Hλ′,λW = H
V
λ′,λW
−HAλ′,λW . (B3)
The helicities of the W -boson λW can be either 0 or 1, which correspond to the longitudi-
nal and transverse polarizations, respectively. The longitudinally (L) and transversely (T)
polarized rates are respectively[30–32]
dΓL
dω
=
G2F |Vcb|2
(2π)3
q2 pc Mc
12Mb
[
|H 1
2
,0|2 + |H− 1
2
,0|2
]
,
dΓT
dω
=
G2F |Vcb|2
(2π)3
q2 pc Mc
12Mb
[
|H 1
2
,1|2 + |H− 1
2
,−1|2
]
. (B4)
where pc is the momentum of Bc in the reset frame of Bb.
The integrated longitudinal and transverse asymmetries defined as
aL =
∫ ωmax
1 dω q
2 pc
[
|H 1
2
,0|2 − |H− 1
2
,0|2
]
∫ ωmax
1 dω q
2 pc
[
|H 1
2
,0|2 + |H− 1
2
,0|2
] ,
aT =
∫ ωmax
1 dω q
2 pc
[
|H 1
2
,1|2 − |H− 1
2
,−1|2
]
∫ ωmax
1 dω q
2 pc
[
|H 1
2
,1|2 + |H− 1
2
,−1|2
] . (B5)
The ratio of the longitudinal to transverse decay rates R is defined by
R =
ΓL
ΓT
=
∫ ωmax
1 dω q
2 pc
[
|H 1
2
,0|2 + |H− 1
2
,0|2
]
∫ ωmax
1 dω q
2 pc
[
|H 1
2
,1|2 + |H− 1
2
,−1|2
] , (B6)
and the longitudinal polarization asymmetry PL is given as
PL =
∫ ωmax
1 dω q
2 pc
[
|H 1
2
,0|2 − |H− 1
2
,0|2 + |H 1
2
,1|2 − |H− 1
2
,−1|2
]
∫ ωmax
1 dω q
2 pc
[
|H 1
2
,0|2 + |H− 1
2
,0|2 + |H 1
2
,1|2 + |H− 1
2
,−1|2
] . (B7)
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Appendix C: Bb → BcM
In general, the transition amplitude of Bb → BcM can be written as
M(Bb → BcP ) = u¯Λc(A+Bγ5)uΛb,
M(Bb → BcV ) = u¯Λcǫ∗µ [A1γµγ5 + A2(pc)µγ5 +B1γµ +B2(pc)µ] uΛb, (C1)
where ǫµ is the polarization vector of the final vector or axial-vector mesons. Including
the effective Wilson coefficient a1 = c1 + c2/Nc, the decay amplitudes in the factorization
approximation are [33, 34]
A = λfP (Mb −Mc)f1(M2),
B = λfP (Mb +Mc)g1(M
2),
A1 = −λfVM
[
g1(M
2) + g2(M
2)
Mb −Mc
Mb
]
,
A2 = −2λfVMg2(M
2)
Mb
,
B1 = λfVM
[
f1(M
2)− f2(M2)Mb +Mc
Mb
]
,
B2 = 2λfVM
f2(M
2)
Mb
, (C2)
where λ = GF√
2
VcbV
∗
q1q2
a1 and M is the meson mass. Replacing P , V by S and A in the above
expressions, one can easily obtain similar expressions for scalar and axial-vector mesons .
The decay rates of Bb → BcP (S) and up-down asymmetries are [33]
Γ =
pc
8π
[
(Mb +Mc)
2 −M2
M2b
|A|2 + (Mb −Mc)
2 −M2
M2b
|B|2
]
,
α = − 2κRe(A
∗B)
|A|2 + κ2|B|2 , (C3)
where pc is the Bc momentum in the rest frame of Bb and κ = pcEBc+Mc . For Bb → BV (A)
decays, the decay rates and up-down asymmetries are
Γ =
pc(EΛc +Mc)
4πMb
[
2
(
|S|2 + |P2|2
)
+
E2
M2
(
|S +D|2 + |P1|2
)]
,
α =
4M2Re(S∗P2) + 2E2Re(S +D)∗P1
2M2 (|S|2 + |P2|2) + E2 (|S +D|2 + |P1|2) , (C4)
where E is energy of the vector (axial vector) meson, and
S = −A1,
P1 = −pc
E
(
Mb +Mc
EΛc +Mc
B1 +MbB2
)
,
P2 =
pc
EΛc +Mc
B1,
D = − p
2
c
E(EΛc +Mc)
(A1 −MbA2). (C5)
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